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We compute the impact of the running of higher order density correlation functions on the two
point functions of CMB spectral distortions (SD). We show that having some levels of running
enhances all of the SDs by few orders of magnitude which might make them easier to detect. Taking
a reasonable range for |nfNL | . 1.1 and with fNL = 5 we show that for PIXIE like experiment, the
signal to noise ratio, (S/N)i, enhances to . 4000 and . 10 for µT and yT toward the upper limit of
nfNL . In addition, assuming |nτNL | < 1 and τNL = 103, (S/N)i increases to . 8× 106, . 104 and
. 18 for µµ, µy and yy, respectively. Therefore CMB spectral distortion can be a direct probe of
running of higher order correlation functions in the near future.
PACS numbers:
I. INTRODUCTION
Inflationary universe has proven to be among the most
successful paradigms to describe the required seed of the
density perturbation. Although most of the single filed
inflationary models predict an almost adiabatic, Gaussian
and scale-invariant primordial spectrum, there are some
scenarios which predict deviation from the above cases.
Observational probes are underway to shed more lights
about the Physics of the early universe by seeking any
deviations from the single field inflation. Planck satellite
[1] was the most recent CMB experiments to probe the
Physics of inflation and it gave us valuable constraints on
the amplitude of the non-Gaussianity at the CMB scale,
10−4 . k/Mpc−1 . 10−1. These limits are hoped to be
more robust using the next generation of the CMB exper-
iments like S4. There are also many LSS surveys to probe
inflation at smaller scales, 10−1 . k/Mpc−1 . O(1).
However non of them give us any information for scales
smaller than few Mpc−1. It was recently mentioned in
[2] that the limits on the primordial spectrum can be
extended to very small scales using the ultra compact
minihalo objects (UCMHs) or the Primordial Black Holes
(PBHs) which are both based on the astrophysical pro-
cesses. Here we note another possibility for gaining novel
information about the physics of inflation by using the
CMB spectral distortion. This approach was firstly con-
sidered in [3, 4] to probe the scale dependence of the
non-Gaussianity with mainly focusing on the correlation
of the CMB temperature fluctuations with the chemical
potential (µ) distortion. The approach was further dis-
cussed and was extended in [5] by adding y distortion
in the configuration space. It was also applied as a use-
ful tool to probe different clases of inflationary models
[6–10], higher order terms in cosmological perturbation
[11, 15, 16] or evolution of CMB spectral distortion [18].
Connecting further to observations, it is also required to
∗Electronic address: razieh.emami meibody@cfa.harvard.edu
seek for any possible late time cross-correlation between
the Temperature and the Compton y distortion as was
done in [17, 19] and to extract foreground obscured in
constraining inflation [20].
In an attempt to extend the current theoretical discus-
sions in this context, here we consider the full analysis
of µ and y spectral distortions in the Fourier space by
allowing an scale dependent function for the bispectrum
and trispectrum. This opens up the possibility of probing
any shapes of bispectrum and trispectrum of the curva-
ture perturbation. In order to do the analysis analytically,
though, we consider a simple form with the power-low
scale dependence for both of them. Using this simple form,
we estimate the impact of running of the non-Gaussianity
and trispectrum in various S/N.
We include the impact of the thermal Sunyaev
Zel’dovich effect in estimating the noise for any quan-
tities that contain the parameter y in the signal to noise
analysis.
The paper is unfolded as the following. In Sec. II we
present a short summary of the spectral distortion from
the damping of the acoustic waves in the photon-baryon
plasma. Then in Sec. III we compute the cross-correlation
of CMB temperature with both of µ and y distortion as
well as the auto-correlation of SD parameters with each
other. We explicitly show how they are related to the
bispectrum and trispectrum of the primordial curvature
perturbations. In Sec. IV we present the S/N ratio as a
systematic way to probe these signals. We conclude in
Sec. V.
II. CMB DISTORTIONS
In this section we compute the chemical potential µ
and Compton y distortions. Using the combination of
Bose-Einstein distribution and the conservation of the
total number of photons we calculate SD parameters in
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2terms of the released energy into the plasma as,
µ ' 1.4δE
E
= −1.4
∫ zµ,f
zµ,i
d
dz
Q(z)
ργ
, (1)
y ' δE
4E
= −1
4
∫ zy,f
zy,i
d
dz
Q(z)
ργ
. (2)
where Q(z) = ργ(z)〈δ2γ(x)〉p c
2
s
(1+c2s)
refers to the energy
injection due to the damping of the acoustic waves in
the plasma. Here ργ(z) refers to the energy density of
photon-baryon plasma and cs ' 1/3 denotes the sound
speed inside the baryon-photon plasma. As for 〈δ2γ(x)〉p
we use Eq. (5) in [3]. Combining all of these factors and
going to the Fourier space we get the following expression
for µ and y distortions,
µ = 4.57
∫
d3k1d
3k2
(2pi)6
R(k1)R(k2)〈cos (k1r) cos (k2r)〉p
× ei~k+·~xW (k+
ks
)
[
e
− (k
2
1+k
2
2)
k2
D
]zµ,i
zµ,f
, (3)
y = 0.82
∫
d3k1d
3k2
(2pi)6
R(k1)R(k2)〈cos (k1r) cos (k2r)〉p
× ei~k+·~xW (k+
ks
)
[
e
− (k
2
1+k
2
2)
k2
D
]zy,i
zy,f
. (4)
where ~k+ ≡ ~k1 + ~k2 with kD referring to the diffusion
damping scale as was computed in Eq. (3) of [3].
Finally using Eqs. (3), (4) we compute the ensemble
averaged value of the distortions.
〈µ(x)〉 ' 2.28
∫
d log k∆2R(k)
[
e−2k
2/k2D
]µi
µf
, (5)
〈y(x)〉 ' 0.41
∫
d log k∆2R(k)
[
e−2k
2/k2D
]yi
yf
. (6)
with ∆2R(k) referring to the dimensionless power spectrum
of the primordial curvature perturbation,
〈R(k1)R(k2)〉 ≡ (2pi)3δ3(~k+)PR(k1),
PR(k) ≡ 2pi
2∆2R(k)
k3
. (7)
III. TWO POINT CORRELATION FUNCTIONS
OF THE TEMPERATURE AND CMB
DISTORTIONS
Having presented the general form of the SD parameters
here we compute the two point correlation functions of
distortions parameters either with the CMB temperature
or with each other. It is more convenient to present these
quantities in terms of the spherical Bessel functions as,
aTlm ≡
∫
dnˆ
∆T (nˆ)
T
Y ∗lm(nˆ)
=
(
12
5
pi
)
(−i)l
∫
d3k
(2pi)3
R(k)∆l(k)Y ∗lm(kˆ). (8)
where ∆l(k) ' jl(krl)/3, is the Radiation transfer func-
tion and we have used the Sachs-Wolfe approximation.
Here rl is the distance from the last scattering surface,
rl = 14Gpc while jl is the spherical Bessel function.
In addition we have,
aµlm = (18.3pi)(−i)l
∫
d3k1d
3k2
(2pi)6
Y ∗lm(kˆ+)R(k1)R(k2)W (
k+
ks
)
〈cos (k1r) cos (k2r)〉pjl(k+rL)
[
e
− (k
2
1+k
2
2)
k2
D
]zµ,i
zµ,f
, (9)
aylm = (3.3pi)(−i)l
∫
d3k1d
3k2
(2pi)6
Y ∗lm(kˆ+)R(k1)R(k2)W (
k+
ks
)
〈cos (k1r) cos (k2r)〉pjl(k+rL)
[
e
− (k
2
1+k
2
2)
k2
D
]zy,i
zy,f
. (10)
Using the above forms of alm we can compute all of
the two pints correlation functions. Since the results
are proportional to bispectrum and trispectrum of the
curvature perturbation, we first present a simple scale
dependent model for computing them. It is interesting
to evaluate how does the correlation functions change for
different parameters of the model.
A. Primordial Bispectrum and Trispectrum
Here we take a simple and generic parametrization for
the scale-dependent non-Gaussianity as was presented in
[13, 21, 22],
BΦ(k1, k2, k3) = 2
[
ξfNL(k3)ξm(k1)ξm(k2)Pφ(k1)Pφ(k2)
+2perms
]
. (11)
where we have defined,
ξfNL,m(k) ≡ ξfNL,m(k0)
(
k
k0
)nfNL,m
. (12)
here ξfNL refers to the strength of bispectrum while ξm
denotes the ratio of the contribution of each field in the
matter power spectrum. We choose k0 = 0.002Mpc
−1
as the pivot scale for the CMB. In addition nfNL and
nm denotes the running of the bispectrum and power
spectrum, respectively.
In addition, the scale dependent trispectrum is given
3by,
TΦ(k1, k2, k3, k4) =
(
25
9
)[
ξτNL(k3, k4)ξm(k1)ξm(k2)
ξm(k13)Pφ(k1)Pφ(k2)Pφ(k13) + 11perms
]
. (13)
where we have |k13| ≡ |k1 + k3| and with ξτNL ,
ξτNL(ki, kj) ≡ ξτNL(k0)
(
kikj
k20
)nτNL
(14)
As a comparison, in the “single field” case we have
ξτNL(ki, kj) =
(
36
25
)
ξfNL(ki)ξfNL(kj) and ξm(k) = 1.
However, in the more generic case, we have two free
parameters, nfNL and nτNL which describe the scale de-
pendence of bispectrum and trispectrum, respectively.
We ignore any non trivial scale dependence for the power
spectrum which means putting nm = 0 in what follows.
We can simplify the above expression using the squeezed
limit for the bispectrum, k3  k1 ' k2, and the collapsed
limit for the trispectrum, ~k12 ' 0. In this limiting case
we get,
〈R~k1R~k2R~k3〉′ =
(
12
5
)
fNL(k−/2)P (k−/2)P (k+),
〈R~k1R~k2R~k3R~k4〉′ = 4τNL(k−/2, k3)P (k−/2)P (k+)
×P (k3). (15)
where ′ shows that we have removed (2pi)3δ3(~k1 + ~k2 +
~k3). In addition, we have only presented the dominant
contributions for both of the correlation functions. which
are two terms for the bispectrum at the squeezed limit
and four terms for the trispectrum in the collapsed limit.
We also work with the following form for fNL and τNL,
fNL(k) = f
p
NL
(
k
kp
)nfNL
, (16)
τNL(ki, kj) = τ
p
NL
(
kikj
k2p
)nτNL
. (17)
here the index p refers to the pivot scale. As for the power
spectrum, we assume the following sale dependence for
the ∆2R(k),
∆2R(k) = ∆
2
R(kp)
(
k
kp
)(ns−1)
. (18)
B. Cross correlation of the CMB distortion and
the Temperature fluctuation
Here we present the cross correlation of µT and yT .
For two generic functions axlm and a
y
lm, the l-space two
point correlation function is given by,
〈(axlm)∗ ayl′m′〉 = δll′δmm′Cxyl . (19)
Using the above expressions, we compute CµTl and C
yT
l
as,
l(l + 1)CµTl ' 2.2pi
fpNL∆
4
R(kp)
Γf
(
kD(z)√
2kp
)Γf ∣∣∣∣∣
zµ,i
zµ,f
,
l(l + 1)CyTl ' 0.4pi
fpNL∆
4
R(kp)
Γf
(
kD(z)√
2kp
)Γf ∣∣∣∣∣
zy,i
zy,f
.
(20)
where we have defined Γf ≡ (ns − 1 + nfNL). From Eq.
(20) it is clear that the cross correlation of the CMB
temperature and distortion parameters is linearly propor-
tional to the value of fNL. In addition, it also depends
on the running of the non-Gaussianity.The ratio of the
CµTl and C
yT
l is computed as,(
CyTl
CµTl
)
= 0.2
(
kD(zy,i)
kD(zµ,i)
)Γf
. (21)
It is worth to compare our results with [5] where some of
us considered the ratio of the µT and yT for the simplest
possible case of constant fNL and in the configuration
space. Here we have generalized this and see the explicit
dependency of the above ratio to the running of Non-
Gaussianity.
To proceed, we comment on the possible choices of the
running of the non-Gaussianity. In general the value of
the running of non-Gaussianity is a free parameters in
this formalism. Theoretically, it can arise from different
physical processes like the non-linear evolution of the
perturbations, different types of interactions among the
fields, modification of sound speed in signle inflation or
from the modification of the background metric. It is
therefore possible to treat this as a generic prediction of
the inflationary models [12–14]. Its value can be smaller
or order unity depending on the details of the inflationary
model as well as the interactions. ( For example Eq.
(105) of [14]). We may however constraint its actual
value using various observations. To date the best type of
forecasts are from the CMB experiments. Here we take
a realistic choice for this parameter by using the most
recent CMB analysis and forecasts as was performed in
Ref. [12]. In their analysis they have used the WMAP 9
year datas and found bounds (68% C.L.) for the running of
the Non-Gaussianity in few different inflationary models,
−0.6 < nfNL < 1.4 for the “single-filed” curvaton scenario,
−0.3 < nfNL < 1.2 for the “two-field” curvaton models
and finally −1.1 < nfNL < 0.7 for the DBI inflation. They
have also presented a forecasts for fNL vs nfNL using the
more recent experimental results. In order to be more
clear in Fig. 1 we present the results of their forecasts for
fNL vs nfNL . The plot shows a 1σ ellipse in the plane
of fNL − nfNL for two favorite family of the inflationary
models. This is to date the most robust constraints on
the value of the running of Non-Gaussianity.
Here we aim to be as model independent as possible.
Therefore we use the smallest possible ellipse in Fig. 1 and
4FIG. 1: 1σ error ellipse forecast in the plane of fNL − nfNL for two favorite family of the inflationary models [12].
we limit ourselves to the following range −1.0 < nfNL <
1.5.
From the plot we explicitly see that the ratio depends
on the running of the non-Gaussianity and it can be
bigger than one for negative values of nfNL while get
smaller and smaller for positive running. This makes
sense as for negative running of non-Gaussianity µ distor-
tion is smaller than y distortion taking into account that
50 ≤ kµ/Mpc−1 ≤ 104 is pushed toward smaller scales as
compared with the 1 ≤ ky/Mpc−1 ≤ 50.
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FIG. 2: The behavior of
(
CyTl /C
µT
l
)
as a function of nfnl
for different ranges of nfnl coming from the CMB experiment.
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FIG. 3: Behavior of Cil for i = (µT, yT ) as a function of nfNL
for different ranges of nfNL coming from the CMB experiment.
Here we take fpNL = 5.
C. Auto/Cross correlations of distortion
parameters
In this section, we compute the two point and cross-
correlation of distortion parameters with each other. This
5includes µµ, µy andyy,
l(l + 1)Cµµl = 41.4piτ
p
NL
∆6R(kp)
Γ2g
(
kD(z)√
2kp
)2Γg ∣∣∣∣∣
zµ,i
zµ,f
,
l(l + 1)Cµyl = 7.42piτ
p
NL
∆6R(kp)
Γ2g
(
kD(z)√
2kp
)Γg ∣∣∣∣∣
zy,i
zy,f
×
(
kD(z)√
2kp
)Γg ∣∣∣∣∣
zµ,i
zµ,f
,
l(l + 1)Cyyl = 1.33piτ
p
NL
∆6R(kp)
Γ2g
(
kD(z)√
2kp
)2Γg ∣∣∣∣∣
zy,i
zy,f
.
(22)
where we have defined Γg ≡ (ns − 1 + nτNL). The sit-
uation is quite similar to µT and yT as we discussed
above.
IV. DETECTABILITY OF THE CMB
DISTORTION ANISOTROPIES
Here we estimate the detectability of the CMB distor-
tion with future observations. We start with presenting
an estimator for Cl,
CˆXYl =
(
1
2l + 1
)∑
m
aXlma
Y
lm. (23)
It can be shown that under the null hypothesis the vari-
ance of this estimator is given by [23, 24],
σ2ll′ =
δll′
2l + 1
(
CXXl + C
XX,N
l
)(
CY Yl + C
Y Y,N
l
)
, (X 6= Y )
σ2ll′ =
2
2l + 1
(
CXXl + C
XX,N
l
)2
, (X = Y ) . (24)
where CXX,Nl refers to the noise power spectrum of the
observation while CXXl stands for the actual signal.
While the production of µ distortion stops after z '
5× 104, y distortion can be still created in the late uni-
verse through the thermal Sunyaev-Zeldovich (tSZ) and
is correlated with the late time temperature fluctuations
from the integrated Sachs-Wolfe (ISW) effect. Such a late
time cross-correlation between T and y makes the primor-
dial map of yT noisy and therefore must be accounted
for in the forecasts. In the following, we model the late
time y distortion and its impact in enhancing the noise.
We then compute the signal to noise ratio including this
effect in the noise.
In our analysis, we use the total y-parameter power
spectrum of tSZ as presented in Figure 1 of [19] which
is the summation of “one-halo” and “two-halo” contri-
butions in the computation of the power-spectrum (see
[19] for more details). Using this power-spectrum, we can
compute the noise associated with the y-distortion,
CtSZl = C
1h
l + C
2h
l , (25)
In addition, we are also dealing with another noise
associated with different experiments. Here we focus on
PIXIE observation with the following instrumental noise,
Cµµ,Nl = w
−1
µ exp
(
l2
l2max
)
, (26)
Cyy,Nl = w
−1
y exp
(
l2
l2max
)
. (27)
where lmax ' 84 and we have also defined w−1µ ≡ 4pi ×
10−16 and w−1y ≡ 16pi × 10−18.
In Figure 4 we compare the tSZ noise with the instru-
mental noise from the PIXIE experiment. From the plot
it is clear that tSZ noise is dominated over the PIXIE
instrumental noise. Owning to this, here after we almost
entirely ignore the instrumental noise and just focus on the
tSZ effect. We will however show one example in which
both of the above terms are considered to demonstrate
how this may affect the final constraints.
0 10 20 30 40 50 60 70 80
l
10 16
10 15
C
yy l
tSZ-Noise
Instrument-Noise
FIG. 4: Comparison between the tSZ noise and the PIXIE
instrumental noise. The plot demonstrates that tSZ effect is
dominated over the instrumental noise.
Comparing the above results with Cµµl and C
yy
l , as
presented in Eq. (22), we see that Cµµ,Nl  Cµµl and
CtSZl  Cyy,Nl  Cyyl . However for the temperature
fluctuations we assume that the signal is much higher
than the noise. This is also much higher than the late
time ISW effect [19]. Therefore we use the CMB TT
correlation function ( l(l+1)2pi C
TT
l = ∆
2
R/25 ' 10−10) in
our analysis.
Having introduced different noises in the computation
of the signal to noise ratio (hereafter S/N), in the following
we present the details of the analysis.
6We start with the µT cross-correlation function.
(
S
N
)
,µT
=
lmax∑
l=0
(2l + 1)
(
CµTl
)2
Cµµ,Nl C
TT
l

1/2
= 4.5× 10−5
(
fpNL
Γf
)(
kD(z)√
2kp
)Γf ∣∣∣∣∣
zµ,i
zµ,f
×
(√
4pi × 10−8
w
−1/2
µ
)
. (28)
Next we compute the S/N for yT cross-correlation func-
1.0 0.5 0.0 0.5 1.0 1.5
nfNL
10 8
10 6
10 4
10 2
100
102
104
106
(S
/N
) ,i
fpNL = 5
S-yT
DBI-yT
Two-yT
S- T
DBI- T
Two- T
FIG. 5: The behavior of (S/N),i for i = (µT, yT ) as a
function of nfNL .
tion,
(
S
N
)
,yT
=
lmax∑
l=0
(2l + 1)
(
CyTl
)2
CtSZl C
TT
l

1/2
=
√
2pi
fpNL∆
3
R(kp)
Γf
(
kD(z)√
2kp
)Γf ∣∣∣∣∣
zy,i
zy,f
×
(
lmax∑
l=0
(2l + 1)
l(l + 1)
1
(Cyy,Nl + C
tSZ
l )
)1/2
,
(29)
In figure 5 we present S/N for Eqs. (28) and (29) in
terms of the running of non-Gaussianity. Here we have
chosen fpNL = 5. For yT case, we have used both of the
instrumental and tSZ effects. However, as already pointed
out above, tSZ dominates over the instrumental noise.
To quantify the impact of tSZ in boosting the
noise/constraints, in Figure 6 we estimate how much
the constrains are affected by each of these noises. On
the left panel, we present the impact of the instrumental
noise in the signal to noise ratio, while in the right panel
we consider the role of the tSZ. We consider two different
cases here, one with only tSZ effect on, spring color-map,
and the other with adding both of the instrumental and
tSZ together in the estimation. As expected, adding tSZ
effect shifts the constraints to higher values for the run-
ning of non-Gaussianity. The plot also shows that tSZ
effect dominates over the instrumental noise as the plot
with both of these effect on is almost exactly equal to the
case with just tSZ effect.
Although boosted due to the tSZ effect, for the first
time we directly see the enhancing profile of S/N that
occurs with increasing the running of non-Gaussianity.
That highlights the importance of deviating from the scale
invariant non-Gaussianity as was estimated before.
Next we compute S/N for the auto/cross correlation
of the SDs with each other.
Let us begin with µµ,
(
S
N
)
,µµ
=
lmax∑
l=0
(2l + 1)
2
(Cµµl )
2(
Cµµ,Nl
)2

1/2
= 1.22× 10−10
(
τpNL
Γ2g
)(
kD(z)√
2kp
)2Γg ∣∣∣∣∣
zµ,i
zµ,f
×
(
4pi × 10−16
w−1µ
)
, (30)
We continue with computing yy,
(
S
N
)
,yy
=
(
lmax∑
l=0
(2l + 1)
2
(Cyyl )
2(
CtSZl
)2
)1/2
= 2.95τpNL
∆6R(kp)
Γ2g
(
kD(z)√
2kp
)2Γg ∣∣∣∣∣
zy,i
zy,f
×
(
lmax∑
l=0
(2l + 1)
(l(l + 1))2
1(
CtSZl
)2
)1/2
(31)
Finally we calculate S/N for µy,
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FIG. 6: Contours of log10
((
S
N
)
,yT
)
including only the instrumental noise (left), tSZ effect (right:spring color map) and both of
these effects (right:blue color map ). Adding both of the instrumental and tSZ effects shift the constraints slightly to the right.
(
S
N
)
,µy
=
(
lmax∑
l=0
(2l + 1)
(Cµyl )
2
Cµµ,Nl C
tSZ
l
)1/2
= 3.7
√
piτpNL
108∆6R(kp)
Γ2g
(
kD(z)√
2kp
)Γg ∣∣∣∣∣
zµ,i
zµ,f
×
(
kD(z)√
2kp
)Γg ∣∣∣∣∣
zy,i
zy,f
(√
4pi × 10−8
w
−1/2
µ
)
×
( lmax∑
l=0
(2l + 1)
(l(l + 1))2
exp
[
−1
2
(
l
lmax
)2]
× (CtSZl )−1
)1/2
. (32)
In figure 7 we present the behavior of S/N for µµ, µy
and yy. Here We choose τpNL = 10
3. This is compatible
with the recent constraints on trispectrum in [1]. Inter-
estingly S/N is enhances a lot by increasing the running
of trispectrum.
V. CONCLUSION
In this paper, we calculated the impact of the running of
bispectrum (nfNL) and trispectrum (nτNL) on the correla-
tion functions of the CMB spectral distortion either with
CMB temperature or with each other. In our analysis, we
took into account the impact of production of late time
y-distortion due to the thermal Sunyaev Zel’dovich effect.
Assuming that any late time cross correlation between
the thermal fluctuations from the integrated Sachs Wolf
(ISM) and tSZ can be modeled precisely, we estimated the
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
n NL
10 6
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100
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108
1010
1012
(S
/N
) ,i
p
NL = 1000
y
yy
FIG. 7: The behavior of (S/N),i for i = (µµ, µy, yy) as a
function of nτNL . Here we have chosen τ
p
NL = 10
3.
detectability of the primordial yT correlation function in
the presence of the running .
We have shown that all of the above correlation func-
tions are strong functions of the runnings and get en-
hanced by few other of magnitude upon changing the
running in a reasonable range. We also computed the
signal to noise ratio for all of the above correlation func-
tions. It was shown that S/N is a sharp function of the
running. It start from very small values for negative
running but get enhanced by few other of magnitude for
positive values. Therefore spectral distortion can possibly
break the degeneracy between the positive and negative
8scale dependencies in the bispectrum. In addition, for
moderate values of the runnings, the signal to noise ratio
enhances such that makes it feasible to be detected by the
futuristic distortion experiments like PIXIE or possibly
PRISM.
Acknowledgment
We thank J. Chluba, E. Dimastrogiovanni and M.
Kamionkowski for their very useful discussions at the early
stage of this paper and for the relevant works. We thank
the anonymous referee for very constructive comments
that improved the quality of this work. R.E. acknowledges
support by the Institute for Theory and Computation at
Harvard-Smithsonian Center for Astrophysics.
References
[1] P. A. R. Ade et al. [Planck Collaboration], Astron. Astro-
phys. 594, A17 (2016) doi:10.1051/0004-6361/201525836
[arXiv:1502.01592 [astro-ph.CO]].
[2] R. Emami and G. Smoot, JCAP 1801, no. 01, 007 (2018)
doi:10.1088/1475-7516/2018/01/007 [arXiv:1705.09924
[astro-ph.CO]].
[3] E. Pajer and M. Zaldarriaga, Phys. Rev. Lett.
109, 021302 (2012) doi:10.1103/PhysRevLett.109.021302
[arXiv:1201.5375 [astro-ph.CO]].
[4] J. Ganc and E. Komatsu, Phys. Rev. D 86, 023518 (2012)
doi:10.1103/PhysRevD.86.023518 [arXiv:1204.4241 [astro-
ph.CO]].
[5] R. Emami, E. Dimastrogiovanni, J. Chluba and
M. Kamionkowski, Phys. Rev. D 91, no. 12, 123531 (2015)
doi:10.1103/PhysRevD.91.123531 [arXiv:1504.00675
[astro-ph.CO]].
[6] E. Dimastrogiovanni and R. Emami, JCAP 1612,
no. 12, 015 (2016) doi:10.1088/1475-7516/2016/12/015
[arXiv:1606.04286 [astro-ph.CO]].
[7] G. Cabass, E. Pajer and D. van der Woude, JCAP 1808
(2018) no.08, 050 doi:10.1088/1475-7516/2018/08/050
[arXiv:1805.08775 [astro-ph.CO]].
[8] T. Haga, K. Inomata, A. Ota and A. Ravenni,
JCAP 1808, no. 08, 036 (2018) doi:10.1088/1475-
7516/2018/08/036 [arXiv:1805.08773 [astro-ph.CO]].
[9] G. Bae, S. Bae, S. Choe, S. H. Lee, J. Lim
and H. Zoe, Phys. Lett. B 782 (2018) 117
doi:10.1016/j.physletb.2018.05.015 [arXiv:1712.04583
[astro-ph.CO]].
[10] G. Cabass,
[11] A. Ota and N. Bartolo, arXiv:1808.10517 [astro-ph.CO].
[12] F. Oppizzi, M. Liguori, A. Renzi, F. Arroja and N. Bar-
tolo, JCAP 1805, no. 05, 045 (2018) doi:10.1088/1475-
7516/2018/05/045 [arXiv:1711.08286 [astro-ph.CO]].
[13] C. T. Byrnes, M. Gerstenlauer, S. Nurmi, G. Tasinato
and D. Wands, JCAP 1010, 004 (2010) doi:10.1088/1475-
7516/2010/10/004 [arXiv:1007.4277 [astro-ph.CO]].
[14] T. Takahashi, PTEP 2014, no. 6, 06B105 (2014).
doi:10.1093/ptep/ptu060
[15] M. Shiraishi, N. Bartolo and M. Liguori, JCAP 1610
(2016) no.10, 015 doi:10.1088/1475-7516/2016/10/015
[arXiv:1607.01363 [astro-ph.CO]].
[16] A. Ota, Phys. Rev. D 94, no. 10, 103520 (2016)
doi:10.1103/PhysRevD.94.103520 [arXiv:1607.00212
[astro-ph.CO]].
[17] A. Ravenni, M. Liguori, N. Bartolo and M. Shiraishi,
JCAP 1709, no. 09, 042 (2017) doi:10.1088/1475-
7516/2017/09/042 [arXiv:1707.04759 [astro-ph.CO]].
[18] J. Chluba, E. Dimastrogiovanni, M. A. Amin and
M. Kamionkowski, Mon. Not. Roy. Astron. Soc.
466 (2017) no.2, 2390 doi:10.1093/mnras/stw3230
[arXiv:1610.08711 [astro-ph.CO]].
[19] C. Creque-Sarbinowski, S. Bird and M. Kamionkowski,
Phys. Rev. D 94, no. 6, 063519 (2016)
doi:10.1103/PhysRevD.94.063519 [arXiv:1606.00839
[astro-ph.CO]].
[20] M. Remazeilles and J. Chluba, Mon. Not. Roy. Astron.
Soc. 478, no. 1, 807 (2018) doi:10.1093/mnras/sty1034
[arXiv:1802.10101 [astro-ph.CO]].
[21] M. Biagetti, H. Perrier, A. Riotto and V. Desjacques,
Phys. Rev. D 87, no. 6, 063521 (2013) [arXiv:1301.2771
[astro-ph.CO]].
[22] A. Becker and D. Huterer, Phys. Rev. Lett. 109, 121302
(2012) [arXiv:1207.5788 [astro-ph.CO]].
[23] K. Miyamoto, T. Sekiguchi, H. Tashiro and S. Yokoyama,
Phys. Rev. D 89, no. 6, 063508 (2014) [arXiv:1310.3886
[astro-ph.CO]].
[24] L. Knox, Phys. Rev. D 52, 4307 (1995) [astro-
ph/9504054].
